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ABSTRACT 
Research demonstrated the Static Granular Bed Reactor (SGBR) to be a competitive and 
practical high rate anaerobic system for industrial and municipal wastewaters. Studies were 
performed to complete three primary goals. First, the SGBR was compared to the Upflow 
Anaerobic Sludge Blanket (UASB) reactor to demonstrate that the SGBR is a viable 
alternative in terms of performance. Next, the feasibility of municipal wastewater treatment 
was tested with the SGBR in both lab and pilot scale systems. Finally, the hydraulic profile 
was measured for the SGBR to provide a basis for modeling. These studies proved the 
SGBR to be a viable treatment alternative and demonstrated the SGBR to be a potentially 
cost effective alternative to expensive aerated treatment methods for municipal wastewater. 
Additionally, determination of the degree of mixing in the reactor is an important first step to 
modeling performance in the SGBR. 
Performance between the SGBR and UASB reactor was compared in a side by side study and 
an experimentally designed study, which was performed to show whether or not differences 
in performance were statistically significant. During the side by side study, removal of 
chemical oxygen demand (COD) and total suspended solids (TSS) by the SGBR was 
consistently as good as or better than removal by the UASB reactor. In particular, SGBR 
effluent TSS concentrations were commonly two to four times lower than UASB reactor 
effluent TSS concentrations. Performance excelled for both reactors in terms of soluble 
COD (sCOD) removal, which exceeded 95% for the two systems. The statistical study found 
the SGBR to have better performance than the UASB reactor. A major source of differences 
X 
in the data was shown to be due to performance differences at an eight hour hydraulic 
retention time (HRT). 
Treatment of municipal wastewater was rigorously tested with the SGBR. The first study 
was conducted at room temperature in a lab scale reactor at HRTs ranging from 8 to 
48 hours. Five-day, carbonaceous biochemical oxygen demand (CBODg) in SGBR effluent 
was less than 30 mg/L when the system was operated at HRTs of 48, 24, and 8 hours. 
Effluent TSS concentration averaged as low as 6 mg/L, which occurred at an HRT of 8 
hours. A laboratory study of municipal wastewater treatment was performed at 8 and 
15 °C to simulate colder weather conditions. During the low temperature study, solids 
entrapment appeared to be the primary organics removal mechanism for the system, and 
effluent CBODs concentrations were between 33 and 78 mg/L. Finally, a pilot reactor was 
set up to compare performance with initial success of the laboratory study at room 
temperature. Effluent CBOD; concentrations averaged near 50 mg/L and effluent TSS 
averaged less than 20 mg/L for the pilot scale study. 
The first step to modeling performance in the SGBR is quantifying the degree of mixing in 
the system. A tracer study was performed using lithium for the SGBR, and a parallel study 
performed with a UASB reactor to provide a basis for comparison. Based on the dispersion 
model, it was found that the SGBR was well mixed with a reactor dispersion number of 1.19. 
On the other hand, the UASB reactor had slightly more plug flow characteristic, but was still 
well mixed with a reactor dispersion number of 0.89. 
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CHAPTER 1. GENERAL INTRODUCTION 
Background 
Wastewater treatment systems are classified as anaerobic when neither oxygen nor nitrates 
serve as the terminal electron acceptor. Anaerobic electron acceptors include organic 
compounds, sulfates, and ferric compounds. The redox potential of an anaerobic system 
typically lies between -300 mV and -400 mV (Droste 1997), which indicates a reducing 
environment. 
Traditional anaerobic systems include the anaerobic digester, anaerobic contact process, and 
anaerobic lagoon. These systems are used for sludge stabilization and reduction, and to 
decrease CBOD; concentrations. Though not a primary means of wastewater treatment, 
these systems provide a method to stabilize wastewater and destroy solids generated from 
aerobic treatment. Newer anaerobic reactors utilize different approaches to retain high 
concentrations of biomass to treat a higher strength wastewater with shorter HRTs when 
properly designed and operated. High rate anaerobic systems adequately treat loading rates 
up to 10 kg COD/(nf "d) (Speece, 1996). 
Advantages 
Anaerobic treatment offers numerous benefits for wastewater treatment. The biomass yield 
for anaerobic systems is generally 10% of the yield for a comparably loaded aerobic system 
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(Speece, 1996). Microorganisms generate methane and carbon dioxide as the ultimate end 
products of anaerobic catabolism. With an energy value of 35,800 kJ/rn^ at standard 
conditions (Metcalf and Eddy, 1991), methane is used to power operations at treatment 
facilities. Additional energy savings are garnered since anaerobic systems do not need to be 
aerated (Lettinga, 1980). Other advantages of anaerobic treatment include simple operation, 
smaller space requirements, process stability, and the ability to store sludge for months 
without feed (Speece, 1996). 
Disadvantages 
Certain disadvantages have narrowed the niche for anaerobic systems. Since the yield is low, 
anaerobic reactors require a long start-up period unless they are seeded. Methanogenic 
biomass is sensitive to pH, toxins, and temperature. In order to maintain the optimal pH, 
alkalinity may need to be supplemented to preserve the volatile fatty acids (VFA) to 
alkalinity ratio near 0.1 mgVFA (as acetic acid) per mg alkalinity (as calcium carbonate). 
Growth kinetics of anaerobic biomass are less favorable than comparable aerobic systems 
necessitating a higher strength wastewater and longer retention time (Speece, 1996; and 
Pavlostathis and Gomez, 1991). Industrial wastewaters containing homogenous substrates, 
such as bottling industry wastewater, require nutrient addition. 
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Background 
High rate granular anaerobic treatment is characterized by increased solids retention time 
(SRT) achieved through improved solids separation with settleable granular biomass. 
Granulated sludge prevents the need for an independent separation system (anaerobic contact 
process) or an artificial media (anaerobic filters). The increased SRT gives these systems an 
ability to treat wastewaters with a high organic load. On average, granulated UASB reactors 
treat loading rates of 15 to 24 gCOD/(L d) (Lettinga and Hulshoff Pol, 1991). Studies with 
the UASB reactor show that the improved separation of SRT and HRT allows the reactor to 
also treat lower strength wastewater with an increase in throughput (Lettinga ef a/., 1980). 
Systems 
Initial experiments with the UASB popularized the use of granulated anaerobic biomass. A 
number of conceptual models for the process of granulation have been presented, but the 
development of granules is still poorly understood (Liu ef a/., 2003). Nonetheless, a number 
of anaerobic reactors have been shown to select for the growth of granules over flocculant 
biomass. The expanded granular sludge blanket (EGSB) reactor is a modified UASB that 
demonstrated the capability of propagating granules. Anaerobic sequencing batch reactors 
(ASBRs) also create an environment where granules have been shown to persist. Finally, 
anaerobic migrating blanket reactors (AMBR) have demonstrated the ability to grow 
granules (Lars, 1998; and Welper ef a/., 1997). 
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Drawbacks 
High rate granular systems perform superbly, but typically have some components that 
require a complex or high cost design and/or operational consideration. The UASB and 
EGSB reactors depend on a gas, liquids, and solids separator (GLSS) to separate the gas 
phase from the biomass and wastewater. Additionally, the EGSB reactor requires 
recirculation to increase upflow velocities for expanding the bed of granules, which translates 
into energy consumption. The ASBR must undergo an energy intensive sequencing cycle. 
Additionally, anaerobic sequencing batch reactors operated poorly during studies due to 
inadequate solids separation (Masse and Masse, 2000; Dugba and Zhang, 1999; and Wirtz 
and Dague, 1997). 
Grow War 2W Jfeac/or 
Concept 
The SGBR is a simplified high rate, anaerobic granular system intended to provide high 
performance efficiency while reducing expenses due to complexity of design, construction or 
operation (Mach, 2000). The SGBR operates in a downflow mode across granules resting on 
a gravel or mesh wire underdrain and has a gas headspace (Figure 1). The underdrain acts to 
separate solids in lieu of a GLSS, and microorganism rich granules are used instead of a 
biofilm covered, synthetic media. 
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Figure 1-1. SGBR. conceptual drawing 
Design 
Static granular bed reactors are designed on the basis of HRT and height or height to width 
ratio. Hydraulic retention time has not been limiting in previous studies with low to medium 
organic loading rates between 0.67 to 6.0 gCOD/(L d). The height to width ratio has been 
compared in lab-scale studies (Mach and Ellis, 2000). An SGBR with a large height to width 
ratio (7:1) was shown to perform better than the smaller height to width ratio (2:1), but has 
had more problems with sidewall effects resulting in reduced throughput. 
Within the SGBR, total solids remain essentially constant. Data have shown the SRT to be 
close to one year for most reactors (Mach ef a/., 2003). The consistently long SRT is a result 
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of excellent solids separation in the reactor, because of entrapment of granular media by the 
underdrain. Reactor performance remains consistent and effective under many different 
operating conditions, in part, as a result of the solids retention capacity. 
Feasibility 
Successful lab and pilot scale studies with SGBRs have auspiciously demonstrated their 
effectiveness for treatment of industrial wastewaters. Performance of the SGBR has been 
tested by treating synthetic non-fat dry milk wastewater, pork slaughterhouse wastewater, 
and sulfate rich wastewater (Mach ef a/., 2003). Static Granular Bed Reactor performance 
matched or exceeded performance from other anaerobic reactors in similar studies. 
Study objectives are to establish the SGBR as a competitive high rate anaerobic technology, 
find appropriate applications for the SGBR, determine functional hydraulic operation and 
maintenance procedures, and establish mixing characteristics of the SGBR. Research was 
executed to complete the objectives. First, the SGBR was compared to the UASB in a side 
by side comparison study and a statistical study to establish its competitiveness. Second, 
municipal wastewater was treated by the SGBR to determine if it is an appropriate treatment 
technology to meet discharge requirements. A flow reversal cycle was incorporated into 
SGBR operation during the studies to improve reactor throughput. Finally, mixing 
characteristics were determined in the SGBR using a tracer study. 
7 
This dissertation was organized into chapters that describe six studies. Chapters Two and 
Three are dedicated to a comparison of the SGBR to the UASB in terms of design, operation, 
and functionality. Chapter Two describes a side by side comparison of the SGBR to the 
UASB and Chapter Three describes a statistically designed and analyzed comparison of the 
SGBR to the UASB. Chapters Four and Five establish the feasibility of treating municipal 
wastewater with the SGBR. Chapter Four is a paper dedicated to assessing the feasibility of 
municipal wastewater treatment at lab scale and room temperature. The next chapter is a 
paper presenting lab and pilot scale studies of municipal wastewater treatment in temperate 
climates. Finally, Chapter Six takes a look at SGBR and UASB hydraulics, and reviews a 
tracer study of the reactors. 
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CHAPTER 2. PERFORMANCE COMPARISON OF THE UASB 
REACTOR AND STATIC GRANULAR BED REACTOR 
Eric A. Evans and Timothy G. Ellis 
Department of Civil, Construction, and Environmental Engineering, 
Iowa State University, Ames, Iowa 50011 U.S.A. 
A paper corresponding to a poster presentation at AsiaWaterQual 2003 
High rate anaerobic systems became popularized by the advent of the Upflow Anaerobic 
Sludge Blanket (UASB) Reactor (Lettinga, 1980). UASB systems set the standard for 
anaerobic treatment and performance capabilities. New anaerobic technologies must meet 
the standard set by the UASB to be accepted as a practical wastewater treatment method. 
The Static Granular Bed Reactor (SGBR) was compared to the UASB. Performance of the 
SGBR was similar to the UASB. Removal of Chemical Oxygen Demand (COD) exceeded 
90% on average for both systems over a range of organic loadings from 0.83 gCOD/(L d) to 
5.0 gCODZ(L'd). Effluent suspended solids concentrations and effluent COD concentrations 
were comparable or lower for the SGBR. Reduced throughput across SGBR media due to an 
accumulation of biomass and gases necessitated a cycled backwash to maintain reliable 
operation. 
Keywords: UASB, Static Granular Bed Reactor (SGBR), anaerobic granules, downflow 
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A number of high rate reactor configurations are now accepted as reliable including the 
UASB, the Anaerobic Baffled Reactor (ABR), the Anaerobic Filter (AF), and the Anaerobic 
Sequencing Batch Reactor (ASBR) (Lettinga, 1980; and Metcalf and Eddy, 2003). These 
systems excel in performance under ideal conditions. In general, all of the reactors have 
some component that requires a complex design and/or a high capital or operating cost. The 
UASB, for example, requires a well-designed gas-liquids-solids separator (GLSS) for 
optimal performance. The AF requires a capital purchase of support media for the 
microorganisms, and the ASBR must undergo an energy intensive sequencing cycle. 
The Static Granular Bed Reactor (SGBR) is a unique, high rate anaerobic reactor that is 
simple in design and relatively inexpensive to build (Mach, 2000). The SGBR design 
consists of a downflow module filled with anaerobic granules resting on a gravel or mesh 
wire underdrain. A downflow configuration prevents the necessity of a GLSS, and the use of 
granules as a media avoids the requirement of an expensive artificial media. 
The UASB and SGBR used in the comparison were designed to have the same active volume 
and similar dimensions. Both reactors drew feed from the same source, synthetic wastewater 
that varied from half non-fat dry milk and half sucrose to solely non-fat dry milk. The effect 
of performance was compared on the basis of reactor configuration at different hydraulic 
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retention times (HRTs). Performance was measured by COD removal, effluent solids and 
volatile fatty acids (VFA) concentrations, and methane production. 
The UASB and SGBR comparison study was split into three phases (Table 2-1). Phase one 
examined the performance of both reactors seeded with a sucrose propagated granular 
biomass and fed a 50/50 sucrose and non-fat dry milk wastewater at 5 gCOD/L. Phase two 
compared the performance of both reactors seeded with anaerobic granules from a brewery, 
and fed with the same wastewater composition as phase one. Phase three studied the 
reactors, seeded with the same type of biomass as phase two, but fed a solely non-fat dry 
milk wastewater at 2.5 gCOD/L. A regular gas and liquid backwash cycle was incorporated 
into the SGBR's operation during phase three to control solids accumulation and liberate gas 
entrapped in the media. 
Table 2-1. Experimental phases of UASB and SGBR study 
Phase I 'hase I Phase I I 
Period (day) 0-92 
93-
99 
100-
140 
146-
189 
200-
219 
220-
226 
227-
234 
235-
269 
270-
280 
281-
294 
295-
321 
322-
371 
HRT (hours) 48 24 36 24 48 144 48 36 24 24 18 12 
Organic 
Loading 
Rate 
(g/(L d)) 
2.5 5 3.3 5 2.5 0.83 2.5 3.33 5 2.5 3.3 5 
Feed 
Composition 
l/2l ^ on-fat dry milk 
Sucrose 
Non-fat dry milk 
Vz Sucrose Non-fat dry milk 
Feed 
Strength 
(g/L) 
5 5 2.5 
Seed Source Sucrose Granules Brewery Granules Brewery Granules 
Total Mass 
Seeded (g) 400 690 290 
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Figure 2-1. Schematic of SGBR and UASB used in comparison study. 
Cylindrical reactors were constructed of plexiglass with a diameter of 14 cm, a total height of 
1.2 m, and an active height of 0.77 m giving an ideal active volume of 11.78 L (Figure 2-1 ). 
For the UASB, the bottom 15.2 cm contained marbles that acted to disperse flow and the top 
28 .6 cm consisted of the GLSS with a volume of roughly 3.5 L. Flow was recirculated in the 
UASB to give a constant upflow velocity of 1.0 m/hr. The bottom 15.2 cm of the SGBR was 
a pea gravel underdrain system and the top 28.6 cm was an empty gas collection space. A 
settling chamber was added to the SGBR in phase III of the study for backwashing and solids 
wasting. The settling chamber typically held 0.5 to 1.0 L of liquid and solids, but had a 
capacity of 3.0 L. 
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The SGBR and UASB were operated and their performance compared for 371 days (Figure 
2-2). Both systems reliably removed COD from wastewater and generated methane gas. 
Effluent quality varied the most during HRT transitions primarily due to changing suspended 
solids concentrations. During phase one of the comparison, little to no difference in 
performance could be observed between the two systems. Phases two and three showed a 
more significant performance differential mostly due to increased effluent suspended solids 
at lower HRTs. 
After startup of phase one, the COD removal percentage of both reactors was consistently 
above 90%. The occasions during which removal dropped were during substrate adjustment 
and HRT transitions. Both reactors quickly recovered after an HRT transition; especially 
when adjusting to an HRT previously tested. However, stable reactor performance was not 
achieved for either reactor at the final HRT, 12 hours, before the completion of the study. 
Effluent solids concentrations commonly increased during transition to higher flows, and 
effluent total COD jumped proportionally although effluent soluble COD increased only 
slightly. Increased effluent suspended solids in the UASB have been shown to be caused by 
not pre-acidifying the wastewater. Ellas ef a/. (1999) found an increase in floating sludge 
when treating non-acidified influent. 
Effluent volatile fatty acids (VFAs) concentration remained low for the UASB and SGBR. 
For the UASB, VF As varied from 8-64 mg/L (as acetic acid) and averaged 24 mg/L. The 
SGBR VF A range was 9 to 36 mg/L, averaging 17 mg/L. The SGBR had outliers of 125 and 
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295 mg/L that were disregarded since they were a result of reactor failure caused by feeding 
without alkalinity addition. 
Gas composition for the reactors was nearly identical. Reactor gas contained 50-60% 
methane when fed the sucrose and non-fat dry milk mixture with the gas balance made up of 
carbon dioxide. When fed non-fat dry milk alone, gas contained 70-80% methane with the 
gas balance composed of carbon dioxide. Gas composition matches the theoretical values 
based on the substrate content of carbohydrates, proteins, and fats according to Speece 
(1996). Hydrogen sulfide concentrations measured below 200 ppmv for both reactors after 
startup. During startup, SGBR hydrogen sulfide concentrations reached as high as 
2000 ppmv. 
On a number of occasions, the SGBR became clogged. The clogging was observed in 
correspondence with accumulation of fines and gas entrapment in the media. Biomass 
accumulation is noted to cause clogging and channeling in anaerobic filters (Speece, 1996). 
Fines were wasted and gas liberated from the media by backwashing the reactor. After 
backwashing, the SGBR drained well. A settling chamber was added to simplify 
backwashing and wasting. The settling chamber additionally received overflow from the 
SGBR. The backwash pump drew directly from the settling chamber at mid level to prevent 
drawing the settled solids back into the reactor. Headspace was shared with the SGBR and 
settling chamber to moderate gas pressures and collect any methane generated in the settling 
chamber. Regular backwash cycles were started on day 301 of operation. After regular 
backwashing was initiated, the SGBR did not clog and the steady state effluent quality for the 
14 
SGBR more closely matched the UASB effluent quality. Most notably, the suspended solids 
and total COD concentrations were more similar, but remained slightly lower. 
COMC/KMOM 
The results demonstrate that the SGBR is capable of competing with the UASB under 
controlled, laboratory operating conditions. Performance of the SGBR was consistently as 
good as, or better, than the UASB in terms of COD removal and efïluent TSS concentrations. 
Effluent solids concentrations in particular were lower for the SGBR than the UASB during 
steady state operation. Despite requiring a granular seed source, the SGBR offers the benefit 
of a simple design with lower capital, operations, and maintenance requirements. A regular 
backwash cycle was useful in SGBR operation to waste accumulated biomass fines and to 
liberate gas entrapped in the media. 
15 
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Figure 2-2. Comparison of performance between the SGBRr ^ and UASB-+ 
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CHAPTER 3. STATISTICAL COMPARISON OF STATIC GRANULAR 
BED REACTOR AND UASB REACTOR PERFORMANCES 
Eric A. Evans and Timothy G. Ellis 
Department of Civil, Construction, and Environmental Engineering, 
Iowa State University, Ames, Iowa 50011 U.S.A. 
Performance of the static granular bed reactor (SGBR) was compared to the upflow 
anaerobic sludge blanket (UASB) reactor. A study was designed to establish significance of 
differences between the two reactors operated at various hydraulic retention times (HRTs) 
and fed a synthetic wastewater composed of sucrose and non-fat dry milk (NFDM). In the 
experiment-wise statistical analysis, chemical oxygen demand (COD) removal was 
significantly higher for the SGBR. Specifically, the SGBR outperformed the UASB at an 
HRT of eight hours with COD removals of 90.7% and 77.5% for the SGBR and UASB, 
respectively. Specific COD removal was higher for the UASB ranging from 0.19 to 0.94 
gCOD/(gVS»d) versus 0.11 to 0.34 gCODZ(gVS'd) for the SGBR, because the SGBR had a 
higher SRT and subsequently a higher mass of volatile solids (VSS within the system). 
High rate anaerobic wastewater treatment offers a number of benefits including low sludge 
yield, energy recovery, sludge storage capabilities, and low nutrient requirements (Lettinga ef 
a/., 1980). Disadvantages of a number of anaerobic technologies include inadequate 
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treatment for direct discharge, high effluent total suspended solids (TSS), and complex 
design or operations. The SGBR was developed to address these issues. 
The SGBR was designed to be a simple, cost-effective alternative anaerobic treatment 
technology (Mach 2000). Feasibility studies showed the reactor capable of achieving COD 
removal in excess of 90% with effluent TSS concentrations below 100 mg/L treating a 
variety of wastewaters (Mach, 2000; Mach and Ellis, 2000; and Mach ef a/., 2003). Data 
collected indicate effluent five-day carbonaceous biochemical oxygen demand (CBODg) and 
TSS concentrations can be reduced to below 30 mg/L (Mach, 2000). 
To establish the SGBR as a viable alternative, a study was conducted that directly compared 
the SGBR with the UASB reactor (Evans and Ellis, 2003). Performance of the reactors was 
similar, but test conditions varied and the study lacked control, randomization, and 
replication. Significance in differences or similarities could not be established. A 
statistically designed experiment was developed to compare the UASB and SGBR and 
establishing significance of the performance differences and similarities. The experiment 
included the appropriate randomization, repetition, and controls to establish statistical 
significance in similarities or differences found for reactor performances at different HRTs. 
Therefore, the objective of this study was to directly compare the performance capacity of 
the SGBR to the UASB and establish whether differences were significant or not. 
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Reactors were constructed to have identical reaction volumes of approximately 11.8 L and 
identical dimensions, which provides test control. The study tests reactors constructed using 
similar starting materials. The empty bed reaction volume is the basis for HRT and 
volumetric loading rate calculations. Cylindrical plexiglass vessels were used as depicted in 
Figure 3-1. The UASB headspace, 3.8 L (2.7 L liquid volume), was adapted as a gas, liquids, 
and solids separator (GLSS). Gas was collected into a modified inverted funnel after being 
deflected from the sidewalls. Recirculation was used in the UASB to maintain a water 
upflow velocity of 1 m/h from the bottom of the reactor to the bottom of the GLSS. Marbles 
were employed in the bottom of the reactor to evenly distribute flow. In lieu of a GLSS, the 
SGBR headspace was merely gas filled. It was found (Evans and Ellis, 2003) that a cycled 
backwash was useful to ensure continuous flow through the SGBR. During backwash, flow 
is reversed to 1 m/h upflow. A sedimentation chamber with a volume of 3.5 L (0.8 L typical 
liquid volume) was attached to aid in backwash and solids control. Flocculant solids wash 
out of the reactor into the chamber and settle to the bottom to be wasted. Liquid or gas, 
depending on the liquid level in the SGBR, was recirculated from the chamber during the 
backwash. 
The methods of Cobb (1997) were used to generate an experimental plan, which produces 
statistically meaningful results. Specifically, the plan type used was a factorial crossing of 
HRT and reactor type. All HRTs were replicated four times for each reactor. Experimental 
conditions were changed when stable performance had been achieved, which required 
between two to five weeks of operation. Stable performance was judged as COD removal 
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fluctuations of less than 3%. The wastewater for the experiment contained 5 gCOD/L (2.5 
gCOD/L and 2.5 gCOD/L NFDM) and was pre-acidified in a well-mixed tank with an HRT 
of 16 to 24 hours. Pre-acidification was shown to reduce granule flotation problems and 
effluent suspended solids for the UASB (Elias ef a/., 1999). Organic loading rates (OLRs) 
for the study were expected to be between 5 and 15 gCOD/(L d). 
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Figure 3-1. SGBR and UASB used in comparison study 
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The SGBR was operated with a cycled backwash to better control solids and liberate gas 
entrapped in the media. Performance was judged by COD removal and effluent suspended 
solids, but effluent VF As and methane production were also measured. Total solids (TS) and 
volatile solids (VS) were measured for samples collected from reactor sampling ports to 
estimate solids in the reactors and thus solids retention times. 
Hydraulic retention times were assigned randomly to each reactor. Since only one SGBR 
and one UASB were available, test conditions were separated temporally. Table 3-1 shows 
the test conditions applied chronologically. Analysis of variance was performed and an F-
test utilized to determine experiment-wise significance of differences (Cobb, 1997). Pair-
wise comparisons were performed using Tukey's HSD. The significance level was set at 
0.05, which means the chance of Ending a significant difference in error was five percent. 
All statistical analyses were performed using the statistical software JMP ™ (2002). 
Standard Methods (APHA ef a/., 1995) were used to measure COD, TSS, and VSS. 
Chemical oxygen demand was measured using the closed reflux, titrimetric method with 20-
by 150-mm culture tubes. Whatman GF/C glass microfibre filters (1.2 p,) were used for 
suspended solids testing. Volatile fatty acids were measured using both the distillation 
method (APHA gf a/., 1995) and chromatographic separation using high performance liquid 
chromatography (HPLC) on Dionex (Sunnyvale, CA) Equipment consisting of an absorption 
detector (AD20) set at 210 nm, gradient pump (GP40), and an auto sampler (AS40). The 
150-mm Alltech (Deerfield, IL) Prevail Organic Acid Column was used to separate fumaric, 
acetic, propionic, and butyric acids with a 25 mM potassium phosphate monobasic elluent 
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Table 3-1. Test conditions for SGBR and UASB study 
HRT, hour 
Test Period SGBR UASB 
Aug5*03-Aug. 30*03 8 16 
Aug 31* 03-Sept 20* 03 24 16 
Sept21" 03-Oct 5* 03 24 16 
Oct 6* 03-Nov 21* 03 8 24 
Nov 30* 03-Dec 25*04 16 8 
Jan 11*04- Feb 6* 04 24 8 
Feb 7*04-Feb 25* 04 16 24 
Feb 26* 04-Mar 21*04 16 8 
Mar 22^ 04-Apr 4* 04 16 24 
Apr 5* 04-Apr 19*04 24 8 
Apr 20* 04-May 11*04 8 16 
May 12* 04-May 31* 04 8 24 
adjusted to a pH of 2.5 using 85% phosphoric acid. Methane, carbon dioxide, and nitrogen 
gas concentrations were measured with gas chromatography using Gow Mac Instrument 
Company (Bethlehem, PA) Series 350 Thermal Conductivity Detector with Hayesep (Gig 
Harbor, WA) Column C3111220002. Cumulative gas production was measured using 
tipping meters supplied by Dr. Richard Speece (Nashville, TN). 
jfesw&s Discuss/of: 
The study was completed between August 5,2003 and June 1, 2004. Both reactors operated 
effectively, and pre-acidification of wastewater reduced foaming problems in the UASB and 
build up of excess sludge in the SGBR encountered previously (Evans and Ellis, 2003). 
Stable performance was achieved within two to three weeks during all treatments except one 
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run during which the UASB was operated at a HRT of eight hours. It was discovered near 
the end of that treatment that the granule bed was depleted from an apparent washout and the 
system was operating at an SRT estimated to be between 10 and 30 days. Performance 
during the previous eight hour HRT treatment may have also been affected by low reactor 
solids in the UASB. Granules were reseeded into the UASB to increase the SRT to near 
100 days and the study continued at the next condition. 
The data (Tables 3-2) show similar performance between the two reactors, especially at 
HRTs of 16 and 24 hours. Effluent suspended solids were lower for the SGBR at HRTs of 
16 and 24 hours, but similar to the UASB reactor's at an HRT of eight hours. The SGBR 
consistently removed 95 to 99% of the wastewater soluble COD while the UASB removed 
95 to 98% at HRTs of 16 and 24 hours. Removal of sCOD in the UASB dropped 
dramatically when granules washed out of the system. 
Table 3-2A. Stable SGBR performance data. 
HRT, hr Feed Strength, g/L OLR, g/L/d COD Removal, % 
sCOD 
Removal, % 
Effluent 
TSS, mg/L VSS, mg/L 
8 5.4 16.2 84.8 95.2 412.9 387.6 
8 3.4 10.2 92.2 95.9 329.3 287.2 
8 3.9 11.7 88.9 97.9 308.9 272.2 
8 4.7 14.1 97.0 98.1 277.8 257 
Mean 4.4 13.1 90.7 96.8 332.2 301 
St Dev 0.6 1.7 3.5 1.0 25.1 19.0 
16 3.5 5.25 87.9 96.8 211 9 184.4 
16 3.2 4.8 93.8 97.7 130.7 119.6 
16 4.4 6.6 95.7 96.3 118.5 88.9 
16 3.8 5.7 97.5 98.8 985 72.6 
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Table 3-2A. (continued) 
Mean 3.7 5.6 93.7 97.4 139.9 116.4 
St Dev 0.5 0.7 1.8 1.0 17.9 22.5 
24 41 4.1 94.1 97.3 154 132.6 
24 3.7 3.7 93.3 97.9 204.3 172.4 
24 4 4 95.1 98 123 82.7 
24 3.8 3.8 96.4 97.8 103.6 84.5 
Mean 3.9 3.9 94.7 97.8 146.2 118.1 
St Dev 0.1 0.1 1.3 0.1 43.6 41.9 
Table 3-2B. Stable UASB performance data. 
HRT, hr Feed Strength, g/L OLR, g/L/d COD Removal, % 
sCOD 
Removal, % 
Effluent 
TSS. mg/L VSS, mg/L 
8 3.5 10.5 73.8 87.4 355.8 309.7 
8* 4 12 64.3 73.8 320.7 265.3 
8 4.4 13.2 86.2 93.5 281.5 2444 
8 3.8 11.4 85.8 95.9 320.9 278 
Mean 3.9 11.8 77.5 87.7 319.7 274.4 
St Dev 0.3 0.8 10.2 9.9 19.5 15.1 
16 5.4 8.1 91.3 98.2 443.11 414.4 
16 4.1 6.15 93.2 96.8 213.85 193.7 
16 3.8 5.7 89.4 96 1 240.4 202.7 
16 3.9 5.85 88.5 96.0 317.4 292.6 
Mean 4.3 6.5 90.6 96.8 303.7 275.9 
St Dev 0.2 0.3 2.0 0.4 49 7 50.3 
24 3.5 3.5 94.5 97.6 126.5 93.4 
24 3.2 3.2 92.7 97.2 149.8 141.8 
24 3.8 3.8 87.2 95.1 321.5 291.9 
24 4.7 4.7 91.4 96.8 243.7 220.7 
Mean 3.8 3.8 91.5 96.7 210.4 187.0 
St Dev 
, 
0.6 0.6 2.4 0.9 71.6 63.3 
Apparent granule washout observed during this treatment. 
Statistical analysis of data was performed to establish the significance of the differences 
found. Analysis of variance (ANOVA) tables (Table 3-3) were developed to show which 
factors accounted for differences in performance. Sources of differences included HRT, 
reactor type, a cross factor, and random differences attributed to error. The HRT by reactor 
type cross factor was necessary to account for confounding effects caused by testing multiple 
variables in the same experiment. If the cross factor was significant, then the two variables 
tested together had a greater or lesser effect than testing the two variables alone. The 
ANOVA table was generated by comparing the mean value at a specified treatment to the 
overall mean value. The greater the difference a treatment mean value was from the overall 
mean, the greater the likelihood that treatment was a significant effect. 
As expected, HRT has a significant effect on performance in terms of COD removal, sCOD 
removal, and effluent TSS concentration. In general, SGBR performance was found to be 
significantly different from UASB performance. Specific pair-wise comparisons reveal the 
nature of the differences. Chemical oxygen demand removal for the UASB operating at an 
eight hour HRT was significantly less than all other treatments, and appeared to be the major 
source of differences. When judging performance based on effluent TSS, operating the 
SGBR at HRTs of 16 and 24 hours and the UASB at a HRT of 24 hours led to significantly 
better performance. 
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Table 3-3 A. Analysis of Variance for tCOD removal 
Source Degrees of Freedom Sum of Squares p-value* 
HRT 2 388.76 0.0062 
Reactor 1 256.11 0.0077 
HRT x Reactor 2 133.36 0.1245 
Error 18 511.98 
Total 23 1290.20 
Table 3-3B. Analysis of Variance for sCOD removal 
Source Degrees of Freedom Sum of Squares p-value* 
HRT 2 130.08 0.0431 
Reactor 1 78.12 0.0476 
HRT x Reactor 2 91.50 0.0982 
Error 18 311.06 
Total 23 610.77 
Table 3-3C. Analysis of Variance for effluent TSS 
Source Degrees of Freedom Sum of Squares p-value* 
HRT 2 92141.85 0.0011 
Reactor 1 30942.93 0.0178 
HRT x Reactor 2 31254.24 0.0545 
Error 18 81884.46 
Total 23 236223.58 
* Significantly di: Terent if less than 0.05 
Reactor volatile solids varied throughout the study (Figure 3-2). Volatile solids in the SGBR 
and the UASB were initially measured to be approximately 316 and 267 g, respectively. 
Throughout the study, SGBR VS increased to an estimated 567 g. On the other hand, UASB 
VS gradually dropped to a low of 54 g before being supplemented to 132 g. After being 
supplemented, UASB VS increased as a result of growth and accumulation to 452 g. 
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Figure 3-2. Reactor volatile solids 
The effect of reactor VS variability during the study was not accounted for in the statistical 
analysis. Specific COD removal was evaluated and compared for the reactors, because of the 
VS discrepancy (Figure 3-3). The plot shows that both the SGBR and UASB had negative 
trends in specific COD removal, which decreased with increasing HRT. The response by the 
SGBR was flatter and lower in magnitude than the response by the UASB. Specific COD 
removal for the UASB was roughly two to three times higher at an HRT of eight hours, and 
exceeded the specific methanogenic activity of the seed granules, 0.77 gCH4-COD/(gV S S d), 
implying limiting conditions. This comparison marks the distinction between the SGBR and 
UASB. The SGBR is designed to retain high volumes of solids resulting in a higher SRT, 
which ranged between roughly 300 and 1200 days for this study. Specific methanogenic 
activity in SGBR granules was shown in a previous study (Roth, 2003) to decrease from the 
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Figure 3-3. Specific COD removal comparison 
top to the bottom of the bed. High SRTs gave the advantage of consistently high 
performance, COD removal exceeding 90%, and a granule reserve that benefited the system 
during periods of stress. 
Treatment of a synthetic, industrial strength wastewater by the SGBR was demonstrated to be 
equal or superior to treatment by the UASB. Other comparative and loading studies have 
been performed with UASB reactors under similar volumetric organic loading conditions and 
the results have been tabulated (Table 3-4). Performance of the SGBR was comparable with 
UASB, Expanded Granluar Sludge Blanket (EGSB), and Anaerobic Fixed Film (AFF) 
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reactors from other studies at comparable OLRs, which confirms the SGBR to be a 
competitive technology (Table 3-4). 
Chemical oxygen demand removal efficiencies as a function of organic loading rate were 
compared between the SGBR, UASB and reactors from other studies (Figure 3-4). 
Performance of the SGBR from this study was consistent and remained at or above 90% for 
virtually all organic loading rates tested. Performance of the UASB reactor in this study and 
others has been much less consistent. While the UASB reactor has excelled at high organic 
loading rates, reactor performance shows more scatter and less dependability, because reactor 
solids were inconsistent as shown in Table 3-4. The UASB technology was prone to solids 
washout during the experiment. Washout occurred as a result of high gas production rates, 
which mixed solids and caused granule flotation. Solids then discharged with the effluent. 
Performance and dependability of the EGSB reactor was somewhat better than the UASB, 
but was still prone to problems with solids washout at higher OLRs. The AFF reactor did not 
show problems with performance at OLRs less than 10 g/(L d), but did have substantially 
reduced COD removal at an OLR above 10 g/(L d) (Jhung and Choi, 1995). 
Table 3-4. Comparison of performance between high-rate anaerobic reactors 
Reactor* Temperature, C HRT, hr Feed Type Feed Strength,gCOD/L OLR^ COD Removal, % Study 
SGBR 25 8 NFDM & Sucrose (1:1)" 4.4 13.2 84.8 - 97.0 This Study 
UASB 25 8 NFDM & Sucrose (1:1) 3.9 11.7 64.3 - 86.2 This Study 
EGSB 25 22-24 Ethanol 10 10-10.9 98 Jeison and Chamy 
UASB 25 21-24 Ethanol 10 10-11.4 98 Jeison and Chamy 
UASB 18.6-25.6 4 Brewery WW 203  12 2 89.1 Yan and Tay 
UASB 37 8 NFDM & Sucrose (1:1) 6 18.0 96-98 Fang and Chui 
UASB >30 30 Potato Processing WW 4 6 6.7 80 Zoutberg and Eker 
UASB 30 3 NFDM 1.4 11.2 96 Ramasamy et al 
UASB 35 14.4 Acetic Acid & Glucose 7.4 12.3 90 Jhung and Choi 
AFF 35 16.8 Acetic Acid & Glucose 6.5 9.3 92 Jhung and Choi 
EGSB = Expanded Granular Sludge Bed, AFF = Anaerobic Fixed Film 
^ Feed composed of NFDM and sucrose in a 1:1 COD ratio 
^OLR = Volumetric organic loading rate, gCOD/(L«d) 
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Figure 3-4. Comparison of COD removal efficiencies as a function of organic loading rate 
32 
In contrast with the UASB reactor, the SGBR has not been susceptible to solids washout, 
because solids are entrapped within the system regardless of the gas production rate. 
Consistently high solids mass in the SGBR resulted in long SRT s and system reliability. 
Static granular bed reactor performance was consistent up to an OLR of 14 g/(L d). At an 
OLR of 16 g/(L d), performance dropped slightly to 85% COD removal. Specific COD 
removal in the SGBR was still roughly half the specific methanogenic activity of the 
granules, which suggests the reactor could accommodate higher loading rates. The SGBR 
has met and exceeded performance standards set by the UASB and other anaerobic reactors 
demonstrating it to be a viable technology. 
COMC/WMOM 
This study directly compared the SGBR with the UASB and established significance of 
differences and similarities in performance. The SGBR demonstrated significantly higher 
performance for an eight hour HRT with a COD removal averaging 90.7% compared to an 
average COD removal of 77.5% for the UASB. No significant performance differences were 
observed for the pair-wise comparison of SGBR and UASB at HRTs of 16 and 24 hours. 
Specific COD removal was two to three times higher in the UASB as a result of much shorter 
solids retention time in the UASB. The SGBR was shown to perform similarly to other high-
rate anaerobic systems, and proven to be a viable wastewater treatment alternative especially 
at volumetric organic loading rates of roughly 10 gCOD/(L*d). 
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CHAPTER 4. ANAEROBIC MUNCIPAL WASTEWATER 
TREATMENT WITH THE STATIC GRANULAR BED REACTOR 
Eric A. Evans and Timothy G. Ellis 
Department of Civil, Construction, and Environmental Engineering, 
Iowa State University, Ames, Iowa 50011 U.S.A. 
Anaerobic treatment of municipal wastewater was successfully performed with the Static 
Granular Bed Reactor (SGBR). Five-day, carbonaceous biochemical oxygen demand 
(CBODs) and total suspended solids were reduced to less than 30 mg/L in the effluent at 
hydraulic retention times (HRTs) of 24 hours and above and at an HRT of eight hours. 
Suspended solids accumulated within the reactor on top of the granule bed, and were easily 
wasted from a sampling port. Suspended solids were not fully degraded, possibly due to the 
slow rate of hydrolysis or mass transport limitations. Methane recovery of chemical oxygen 
demand (COD) removed by the reactor was incomplete. 
Tfz&WwcffOM 
Modem municipal wastewater treatment is almost exclusively done via aerobic biological 
processes, which have the drawbacks of high energy expenses associated with aerating the 
system and high sludge production due to a yield of roughly 0.5 mgVSS/mgCOD. Anaerobic 
treatment, on the other hand, requires no aeration, produces high energy methane gas, and 
generates much lower yields of sludge between 0.1 to 0.2 mgVSS/mgCOD. Lettinga ef a/. 
36 
( 1983) was able to effectively treat municipal wastewater at temperatures of 20 °C or higher 
in a laboratory scale upflow anaerobic sludge blanket (UASB) reactor. Kato ef aZ. showed 
theoretically that a UASB could treat wastewaters with a strength as low as 187 mgCOD/L at 
an organic loading rate (OLR) as high as 5 gCOD/(L d). A problem with treating municipal 
wastewater with anaerobic systems is the low substrate affinity of methanogens. Another 
study was conducted that suggested the key to municipal wastewater treatment with 
anaerobic technology was removal of suspended and colloidal solids (Elmitwalli ef a/., 
2001). Elmitwalli ef a/, indicated that the low rate of hydrolysis was problematic, but could 
be accomplished with a two-step, anaerobic filter (AF) + anaerobic hybrid (AH) reactor, 
system. 
A study was developed to examine treatment of municipal wastewater with a unique 
anaerobic reactor technology, the SGBR. The SGBR is a simple, downflow anaerobic 
reactor (Mach and Ellis, 2000) previously demonstrated to be effective at treating synthetic 
wastewater composed of 1 gCOD/L non-fat dry milk in one study and pork-slaughterhouse 
wastewater (Mach ef a/., 2003) in another study. The SGBR was shown to have long solids 
retention times (SRTs), in excess of 300 days (Mach ef aZ., 2003). High SRTs resulted from 
excellent solids separation, and contributed to the SGBR's efficient treatment. The goal of 
this study was to establish if the SGBR would adequately remove CBODg and TSS to meet 
surface discharge standards, and to determine the effect of HRT on effluent concentrations. 
A lab scale SGBR (Figure 4-1) was used to treat municipal wastewater at 25°C with HRTs of 
48,36, 24,18, 12, and 8 hours. Hydraulic retention time is based on the reactor's ideal active 
volume, 11.78 L, and does not include headspace or underdrain volumes. Two-thirds of the 
reactor's active volume was seeded with granules from WisPak (Mankato, MN). The 
remaining one-third of the active volume was a liquid environment, but was not seeded to 
allow room for mixing and biomass growth. Wastewater that has undergone preliminary 
treatment from the Ames Water Pollution Control Facility (AWPCF) in Ames, Iowa was 
treated by the 11.78-L SGBR. Wastewater was preserved at 4°C in a refrigerator and 
received no treatment for solids removal prior to being fed into the SGBR. Chemical oxygen 
demand (COD), CBOD5, TSS, gas composition, alkalinity, and volatile fatty acids (VFAs) 
were routinely measured to measure the reactor's performance effectiveness and to gauge its 
health. Wastewater strength varied (Table 1), but overall average values for COD, CBOD5, 
and TSS were 388 mg/L, 123 mg/L, and 220 mg/L, respectively. Initially, a low wastewater 
CBOD; was encountered due to problems with preservation. Routine, backwashes were used 
to eliminate excess head loss as previously encountered (Evans and Ellis, 2003). 
Standard Methods (APHA ef a/., 1995) were used to measure COD, TSS, and VSS. 
Chemical oxygen demand was measured using the closed reflux, titrimetric method with 20-
by 150-mm culture tubes. Whatman GF/C glass microfibre filters were used for suspended 
solids testing. Volatile fatty acids were measured using the distillation method (APHA ef a/., 
1995). Methane concentrations were measured with gas chromatography using Gow Mac 
Instrument Company (Bethlehem, PA) Series 350 thermal conductivity detector with 
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Figure 4-1. SGBR used to treat municipal wastewater 
Hayesep (Gig Harbor, WA) column C3111220002. Gas production was measured using the 
Cole Parmer (Vernon Hills, IL) Loop-Powered Gas Transmitter, which meters gas based on 
differential pressure sensing plates. 
aad Dis cwsMOM 
The study showed that the SGBR removed CBOD; and TSS to meet the typical surface water 
discharge standard of 30 mg/L TSS and 30 mg/L CBOD; at HRTs of 24 hours or higher and 
eight hours (Table 4-1). At HRTs of 18 to 12 h, CBOD; was reduced to 57 mg/L or less. It 
was discovered that dissolved organic gases contributed to CBOD; in the effluent during 
operation at the 18 and 12 h HRT periods based on comparison of CBOD$ concentrations for 
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samples that were and were not air sparged. Consequently, effluent samples were air sparged 
for five minutes prior to testing for CBOD; during operations throughout the 8 h HRT period, 
which is reflected in the drop in CBOD; concentration. The TSS concentrations in the 
effluent were highest during startup, averaging 29 mg/L, but dropped thereafter and averaged 
6 mg/L at an 8 h HRT. The trend in effluent TSS concentrations suggests that a lower HRT 
results in lower TSS concentrations. At lower HRTs, the downflow velocity in the SGBR 
increases. The higher velocity may have compacted the granule bed and decreased the bed 
porosity. The lower bed porosity thus improved solids entrapment and retention. Effluent 
COD was reduced to between 57 mg/L and 77 mg/L for all HRTs. Removal efficiency for 
COD was optimal at an HRT of 18 hours for the SGBR (Figure 3-2). Except for startup, 
COD removal varied little from 74 to 84%. 
Table 4-1. Summary of average TSS and CBOD; concentrations for municipal SGBR 
Municipal Wastewater SGBR Effluent 
HRT TSS, mg/L CBOD5, mg/L TSS, mg/L CBOD5, mg/L 
48 106.3 ±58.4 28.9 ± 6.6 29.1 ± 11.7 17.4 ±6.5 
36 273.9 ±72.2 169.5 ±96.2 10.6 ±2.9 23.9 ±6.4 
24 301.1 ±99.1 135.2 ±68.3 11.7 ±2.4 25.6 ± 9.0 
18 163.0 ±55.6 83.9 ± 40.2 8.2 ±3.5 31.3 ±5.8 
12 236.0 ±109.2 166.9 ± 105.5 7.8 ±4.1 56.8 ±9.4 
8 187.2 ±99.7 106.9 ±38.8 5.6 ± 3.3 29.8 ± 12.0 
Average 220 ± 22 123 ± 38 1 2 ± 3  3 0  ± 3  
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Figure 4-2. COD removal as a function of HRT 
High SRTs are required in anaerobic reactors to achieve high levels of treatment. For this 
study, the SRT in the SGBR was estimated (based on reactor volatile solids and effluent 
volatile suspended solids concentrations) to vary between 8 to 20 years depending on the 
HRT. At higher HRTs, low effluent suspended solids concentrations coupled with high flow 
rates resulted in SRTs greater than ten years. Suspended solids in the wastewater tended to 
accumulate on top of the granules in the reactor, and required wasting after six months of 
operation and then again after one year of treatment. 
Alkalinity and pH were measured for the SGBR (Table 2) to ensure the reactor was operating 
within an optimal range for methanogens. As observed by the results, pH was reduced 
slightly from influent to effluent, but likely did not cause methanogen inhibition. Volatile 
fatty acids in the effluent were measured between 9 and 30 mgHAc/L. Generation of VF As 
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was primarily responsible for the slight decline in pH. Carbon dioxide gas concentrations 
were low ranging from 0 to 3%, but may also have contributed to pH reduction. Alkalinity in 
Ames wastewater helped to buffer the effects of acidity generated during anaerobic 
metabolism. 
The SGBR successfully generated methane when treating municipal wastewater (Table 4-2). 
For HRT s from 18 to 48 hours, methane concentrations were consistently above 60%. 
However, at HRTs of 12 and 8 hours, methane gas concentrations dropped precipitously. 
Lettinga (1983) experienced low methane concentrations when treating municipal 
wastewater with the UASB reactor, and attributed the low concentrations to dilution by 
nitrogen gas being stripped from the wastewater into the gas. 
Table 4-2. SGBR pH, alkalinity, and methane composition 
HRT, hours 
pH Effluent 
Alkalinity, 
mgCaCOa/L % Methane Influent Effluent 
48 7.13 ±0.21 7.08 ± 0.23 287.5 ± 17.7 63.7 ± 10.9 
36 7.27 ± 0.20 6.75 ± 0.24 465.0 ± 77.0 60.7 ±23.9 
24 7.28 ±0.21 6.80 ±0.19 337.5 ± 74.3 64.3 ±5.1 
18 7.26 ±0.15 6.91 ± 0.20 no data 76.1 ±7.6 
12 7.32 ± 0.22 7.07 ± 0.33 352.5 ±31.8 39.1 ±9.8 
8 7.67 ±0.32 7.23 ±0.17 322.5 ± 74.3 22.8 ±2.0 
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Cumulative methane generated by the SGBR was measured throughout the study. The actual 
cumulative methane curve was compared to the theoretical cumulative methane curve 
(Figure 4-3). Actual methane production includes methane gas collected and measured by 
the gas meter, and dissolved methane calculated to be in the effluent based on Henry's law. 
Theoretical methane generation was based on an assumed complete conversion of COD 
removed from the wastewater by the SGBR. Actual and theoretical cumulative methane 
generated were close while the reactor operated at an HRT of 48 hours. At HRTs lower than 
48 hours, the theoretical cumulative methane increased to two times the actual cumulative 
methane. The disparity appears to have been caused by solids accumulation within the 
reactor. 
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Figure 4-3. Cumulative theoretical versus actual methane production 
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Based on the observed accumulation of solids on top of the granule bed (especially at lower 
HRTs), the hydrolysis of solids was apparently the rate limiting step for anaerobic conversion 
of municipal wastewater. Pavlostathis and Giraldo-Gomez (1991) observed that the 
hydrolysis was typically the limiting step in studies of anaerobic kinetics. Hydrolysis rate 
limitations in the SGBR may not have been due to kinetic limitations. Solids did not mix 
well through the granule bed, and low rates of enzyme transport to solids may have limited 
solids conversion to soluble organics. The SGBR was demonstrated to be capable of 
separating solids from the wastewater. Suspended solids were entrapped within the reactor as 
indicated by the data. Controlled wastage of solids was the key to treatment of the municipal 
wastewater with the SGBR. Unfortunately, full energy recovery was not completed due to 
the low rates of hydrolysis. Static granular bed reactor effluent quality at a HRT of 24 hours 
was comparable or better than other types of anaerobic treatment types (Table 4-3). 
Anaerobic municipal wastewater treatment offers the advantages of energy efficiency and 
low sludge production. The low substrate affinity of methanogens and the slow rate of 
hydrolysis are challenges to making it practical. Treatment of municipal wastewater with the 
SGBR offers the distinct advantages of long SRTs, and entrapment of suspended solids in the 
system. Data indicate that the SGBR consistently reduced CBOD; to less than 30 mg/L at 
HRTs of 24 hours and above. In general, effluent TSS decreased as HRT decreased. 
Organics removed from the wastewater were converted to methane at an HRT of 48 hours, 
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but accumulated in the system at lower HRTs. Accumulated organics were primarily in the 
form of suspended solids, which could be wasted from the top of the granule bed. 
Table 4-3. Comparison of anaerobic municipal wastewater treatment studies at mesophilic 
temperatures. 
Reactor T, HRT, COD, mg/L CBOD5, mg/L TSS, mg/L Study Type" °C hr Influent Effluent Influent Effluent Influent Effluent 
SGBR 25 24 500±207 43=1:9 135±17 26±10 301±49 12±3 This Study 
ABR 18-28 10 386 64 23*" 22 
Yu& 
Anderson 
AEBR 20 10 196 49 10' 2.4 Collins ef 
al. 
UASB 20 4 424 170 Vieira & Souza 
UASB 30 4 422±68 58±15 257±26 36±12 246±30 35±22 Sousa & Foresti 
UASB 21 20 700-860 154-189 
Lettinga 
g/ a/. 
UASB 16-23 7 402 232 515 102 379 50 
Vieira ef 
a/. 1994 
ABR-Modified anaerobic baffled reactor, AEBR-Anaerobic Expanded Bed Reactor 
Presetted wastewater 
^ Primary clarifier effluent 
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CHAPTER 5. TEMPERATE CLIMATE MUNICIPAL WASTEWATER 
TREATMENT WITH A STATIC GRANULAR BED REACTOR 
Eric A. Evans and Timothy G. Ellis 
Department of Civil, Construction, and Environmental Engineering, 
Iowa State University, Ames, Iowa 50011 U.S.A. 
The Static Granular Bed Reactor (SGBR) was used to treat municipal wastewater in a 
laboratory study at low temperatures and in a pilot study at the Ames, Iowa wastewater 
treatment plant to verify its applicability in temperate climates. Treatment of municipal 
wastewater was performed in the lab study at hydraulic retention times (HRTs) between 8 to 
36 hours for temperatures of 15 and 8 °C. The results of the lab study showed the reactor to 
have performed inconsistently. Effluent five-day, carbonaceous biochemical oxygen demand 
(CBODs) averaged between 32.9 and 78.0 mg/L, and effluent total suspended solids (TSS) 
were observed between 4.6 and 125.4 mg/L. Solids retention time (SRT) had an increasing 
trend with HRT that was more prominent at 15 °C than 8 °C. The pilot study showed that an 
effluent CBOD; concentration of near 50 mg/L can be consistently achieved. One drawback 
of many anaerobic systems is the slow rate of hydrolysis and thus the need for external solids 
separation. In the pilot study, the SGBR was shown to adequately separate solids internally 
yielding effluent TSS concentrations less than 20 mg/L. Performance in the pilot study 
remained steady in spite of unfavorable temperatures. 
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Municipal wastewater treatment in a lab scale SGBR was investigated at 25 °C, but 
application for a temperate climate requires high performance at colder temperatures. 
Success with the lab scale SGBR treating municipal wastewater at room temperature 
prompted the temperate climate studies in lab and pilot scale reactors. Treatment of 
municipal wastewater with an anaerobic system like the SGBR offers the advantages of 
reduced energy consumption and lower sludge generation. The drawback is that further 
polishing is required with aerobic systems to meet permit discharge requirements. Further 
treatment is needed to ensure a CBOD* less than 30 mg/L and to reduce nutrient 
concentrations. 
Typically, design conditions for Midwest wastewater treatment plants in the U.S. require 
consideration of treatment at temperatures as low as 10 °C. Practically, cold-weather 
wastewater temperatures in Ames, IA vary from 12 to 14 °C. In order to be considered viable 
treatment alternatives, anaerobic systems must perform effectively between 10 and 15 °C. 
Kato ef a/. (1997) suggested that a treatment system should fulfill the following 
requirements: be simple to design; use non-sophisticated equipment; have low energy 
consumption; and have high treatment efficiency. The SGBR is a high-rate anaerobic system 
that operates in a downflow manner, which makes it a simple and non-sophisticated reactor. 
Biomass in the SGBR consists of granules generated by existing anaerobic systems. Static 
granular bed reactors have been shown to perform exceptionally removing CBOD; to less 
than 30 mg/L in previous studies (Mach ef a/., 2003; and Mach and Ellis, 2000). Low 
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effluent CBOD; concentrations are expected to result, because the SGBR has a high solids 
retention time (SRT) and can entrap and potentially degrade solids within the granular 
biomass. 
Lettinga ef a/. (1983) demonstrated that the upflow anaerobic sludge blanket (UASB) reactor 
was able to achieve an effluent biochemical oxygen demand (BOD) from 35 to 50 mg/L at 
temperatures between 10 and 16 °C. Kato ef a/. (1997) found that an expanded granular 
sludge blanket (EGSB) reactor had a chemical oxygen demand (COD) removal efficiency 
from 70 to 91% when treating a dilute brewery wastewater between 15 and 20 °C. Treatment 
of domestic wastewater in a UASB reactor below 12 °C was shown to be mainly dependent 
on settling (Bogte ef 0/., 1993). Bogte ef a/. (1993) claimed that volatile fatty acid (VFA) 
metabolism improved above 8 °C, and methanogenic activity showed improvement above 
12 °C. Organics were not completely converted to methane until the wastewater temperature 
reached 15 °C. Chemical oxygen demand accumulated in a UASB during the winter and was 
subsequently degraded during the summer. At low temperatures, hydrolysis became an 
important rate limiting step (Elmitwalli ef a/., 2001). Colloidal solids, therefore, became 
problematic as part of the effluent COD since they do not easily settle in reactors (Elmitwalli 
ef aZ., 1999; and Elmitwalli ef aZ., 2001). 
Previous pilot studies with anaerobic systems for treatment of municipal wastewater have 
been performed by others. A 67.5 m^ UASB reactor was built to treat wastewater at Sumare, 
Sao Paulo State, Brazil (Vieira ef aZ., 1994). Biochemical oxygen demand (BOD) was 
reduced from 515 to 102 mg/L and TSS was reduced from 379 to 50 mg/L by this system at a 
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hydraulic retetion time (HRT) of 7.0 h. A 55-L UASB reactor was used to treat municipal 
wastewater (Behling ef a/., 1997). Chemical oxygen demand (COD) was reduced from an 
average of 423 to 56 mg/L at an HRT of 7.6h. Bogte ef of. (1993) tested the treatment of 
domestic wastewater in three 1.2 m^ UASB reactors at three sites in the Netherlands. It was 
found that at low temperatures, below 12 °C, settling was the primary organics removal 
mechanism. Complete conversion of volatile fatty acids (VFA) required temperatures of 
15 °C or higher. Based on a COD mass balance, wastewater suspended solids were found to 
accumulate in the reactor during the winter. Accumulated suspended solids were 
subsequently degraded during the summer. 
The SGBR offers the potential advantages for treatment of municipal wastewater of simpler 
design and operation and higher solids retention. It was hypothesized that effluent TSS and 
CBOD; concentrations from an SGBR treating municipal wastewater would be near or below 
30 mg/L based on results from lab scale studies. The objective of this study was to 
demonstrate the potential use of the SGBR for treatment of municipal wastewater with lab 
and pilot scale systems. 
Maferwz/s am/ MefAods 
Lab Scale Setup 
A lab scale study was devised to test the performance capacity of the SGBR treating 
municipal wastewater at low temperatures. An SGBR with an effective empty bed volume of 
11.8 L, not including the gas headspace and underdrain volumes, was used in the study. 
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Three-fourths of the reactor's volume was filled with granules. Backwashing was performed 
at the rate of one backwash per feed cycle to reduce clogging. The backwash consisted of a 
25 s cycle during which liquid from the top 1/4 of the reactor active volume was pumped 
through the bottom. Wastewater was treated in the SGBR at HRTs of 36, 24, 18, 12, and 8 
hours for temperatures of 15 and 8 °C. Pretreated wastewater (Table 5-1) was supplied by 
the Ames Water Pollution Control Facility in Ames, Iowa. Pretreatment consisted of 
screening and grit removal. 
Table 5-1. Lab scale wastewater characteristics 
Wastewater 
HRT, 
hr Days 
Temperature. 
°C 
COD, mg/L 
St 
Average Dev* 
CBODs, 
Average 
mg/L 
St 
Dev 
TSS mg/L 
St 
Average Dev 
36 278-304 15 201.5 115.7 163 4 157.7 129.8 
24 305-341 15 235.1 87.7 99.5 43.3 231 9 109.2 
18 342-387 15 260.4 99.1 153.1 42.2 228.4 41.5 
12 396-421 15 360.8 181 190.3 40.1 268.6 112 
8 439-464 15 269.6 120.1 151 69 212.2 136.8 
36 46&4S3 8 165.9 48.9 113.7 35.5 89.8 31.7 
24 484-508 8 131.9 75 116 19.7 79.3 36.7 
18 509-537 8 152.6 116.9 78.7 49.6 80 54.2 
12 538-568 8 99.6 49.3 73.6 42.2 98.4 56.8 
8 569-603 8 216 114.8 72.5 33.1 189.2 124.8 
* Standard Deviation 
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Differences in treatment efficiencies were expected to be a function of HRT and temperature. 
The entire lab reactor system was set-up in a walk-in cooler which provided temperature 
control. Solids accumulated on top of the granule bed in the SGBR were wasted only 
between temperature conditions. Solids retention time (SRT) was evaluated as a 
performance factor as follows: 
S R T  =  — E q u a t i o n  1  
X = Reactor volatile solids, g 
Q - Reactor flow rate, L/d 
Xe = Effluent VSS, g/L 
Waste solids were not included in the SRT calculation, because solids were not wasted 
during operation. Solids were wasted only between temperature tests to maintain similar 
starting conditions for both temperature treatments. Performance was measured by influent 
and effluent CBOD;, COD, TSS, and volatile suspended solids (VSS). Influent and effluent 
pH and effluent alkalinity were regularly measured to verify an appropriate operating 
environment. Effluent VF As were measured to evaluate acidogenic and methanogenic 
activities. 
Pilot Scale Setup 
A pilot scale SGBR was set up to study treatment of municipal wastewater from the City of 
Ames, Iowa. The system was installed in the trickling filter pump building to treat 
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wastewater pretreated by bar screens and grit chambers and mixed with trickling filter 
recirculated water. The system was unhealed, and operated at temperatures between 8 and 26 
°C and HRTs of 48, 36, and 24 hours. 
A 3,780-L SGBR constructed of polypropylene was used for this study. Further reactor 
details have been described as Reactor #3 by Roth (2003). The liquid volume in the SGBR 
was maintained at 2,650 L. A volume of 1,510 L of granules from an upflow anaerobic 
sludge blanket (UASB) reactor at City Brewery (LaCrosse, WI) were used to seed the 
reactor. 
Wastewater was pretreated by bar screens and grit chambers before flowing into trickling 
filter pump wells where it was combined with recirculated water. Feed for the SGBR was 
drawn from a trickling filter pump spigot into a 210-L barrel. From the barrel, wastewater 
was pumped into the SGBR. Excess flow from the spigot was allowed to overflow out of the 
barrel. 
Wastewater CBOD;, COD, TSS, and VSS varied during the study (Table 5-2). The system 
was operated at a HRT of 48 hours between Feb 15 and March 25, 36 hours between March 
26 and May 28, and 24 hours between June 1 and June 24. After the school session ended at 
Iowa State University (May 9), the wastewater strength dropped precipitously. The reactor 
was backwashed once weekly for 15 minutes, and roughly 60 L were wasted during the 
backwash from a sampling port near the top of the granule bed to remove accumulated 
suspended solids. 
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Table 5-2. Pilot scale wastewater characteristics 
HRT, hours CBODg, mg/L COD, mg/L TSS, mg/L VSS, mg/L 
24 114.6 ±98.6 219.7 ± 161.9 149.1 ± 135.1 115.4± 103.7 
36 201.4 ± 114.6 359.1 ±363.8 256.4 ±221.5 196.6 ±172.0 
48 141.3 ±21.3 553.8 ±475.7 527.4 ±457.1 360.0 ± 328.4 
Performance Measurement 
Performance has been measured for both the lab and pilot scale studies in terms of CBODg, 
COD, TSS, and volatile suspended solids (VSS). Testing has been conducted in accordance 
with Standard Methods (APHA ef a/., 1995). Nutrient solution for CBOD; tests was 
prepared using Hach (Loveland, CO) BOD nutrient buffer pillows and Hach Formula 2533 
Nitrification Inhibitor. Each BOD bottle was supplemented with 100 mL of nutrient solution 
to ensure equal dilution. Chemical oxygen demand was measured using the closed reflux, 
titrimetric method with 20- by 150-mm culture tubes. Whatman GF/C filters with a pore size 
of 1.2 pm were used for TSS and VSS tests. 
Additional testing was performed for the lab scale study. Volatile fatty acids were measured 
using the distillation method (APHA ef a/., 1995). A Gow Mac Instrument Company 
(Bethlehem, PA) Series 350 Thermal Conductivity Detector with Hayesep (Gig Harbor, WA) 
Column C3111220002 was used to measure methane concentrations. Gas production was 
measured using the Cole Parmer Loop-Powered Gas Transmitter, which meters gas based on 
differential pressure sensing plates. 
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Lab Scale Study 
Treatment of municipal wastewater at low temperatures with the lab scale SGBR was 
moderately successful, but the data were highly variable and there were no clear trends. 
Effluent CBOD; generally increased with decreasing HRT at 15 °C, but no clear trend was 
observed for treatment at 8 °C (Figure 5-1). At HRTs of 8 and 12 hours and a temperature of 
8 °C, the effluent CBOD; remained between 30 and 40 mg/L. As indicated, substantial 
variability was observed; as seen by the standard deviations indicated. 
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Figure 5-1 A. Effluent CBODg versus HRT at 8 °C 
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Effluent TSS concentrations rose slowly and then jumped to roughly 120mg/L at an eight 
hour HRT (Figure 5-2) when the SGBR was operated at 15 °C. When operated at 8 °C, no 
clear trend was seen, and effluent TSS concentrations remained low for all HRTs. No clear 
significances in differences could be established. The results observed for operations at 8 °C 
appear to show significantly lower effluent TSS concentrations at an HRT of eight hours, but 
this may simply be the result of a lower strength wastewater. Municipal wastewater from the 
City of Ames was much weaker during the period in which the SGBR was tested at 8 °C 
(Table 5-1). 
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Figure 5-3. Effluent VSS concentration versus effluent CBOD; concentration 
It can be seen from Figure 5-3 that suspended solids in the effluent contributed CBOD5 to the 
wastewater. For volatile suspended solids in an oxidation state similar to biomass, an oxygen 
demand of roughly 1.4 mgCBODs/mgVSS would be expected. The slopes for the 8 °C and 
15 °C linear fits were 1.24 and 1.26, respectively. Suspended solids composition was similar 
when tested at both temperatures, which indicates a consistent suspended solids matrix in the 
effluent. Volatile suspended solids in the effluent were similar to biomass volatile suspended 
solids with respect to biodegradability. 
Solids retention time in the SGBR was measured to be as low as 100 days at a temperature of 
15 °C and an HRT of 8 hours, and as high as 18 years at a temperature of 15 °C and an HRT 
of 36 hours. The system was observed to have a more stable SRT when operated at a 
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Figure 5-4. SRT versus HRT at 15 and 8 °C 
temperature of 8 °C than when operated at 15°C (Figure 5-3). A general trend of decreasing 
SRT with decreasing HRT can be seen for both temperature treatments, but the slope for SRT 
versus HRT is much higher at 15 °C than 8 °C. The SRT in the reactor was higher, however, 
at 15 °C than 8 °C for all but the eight hour HRT. 
Methanogenic activity was verified by measurement of methane in the reactor headspace. 
For treatment at 15 °C, methane was measured to be 36% in the reactor at a 36 hour HRT, but 
dropped to between 5 and 8% at the remaining HRTs. Little methanogenic activity was 
observed at 8 °C as indicated by methane concentrations of 1 to 3% for all HRTs. Sulfate 
reduction was not found to be significant, and hydrogen sulfide concentrations were below 
the detection limit of 200 ppmv. 
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Volatile fatty acids in the effluent were measured between 8.5 to 21.8 mg/L during the 
duration of the study. The low values for VF As and the low methane concentrations support 
the hypothesis that hydrolysis was the limiting step at low temperatures. The primary 
organics removal mechanism at low temperatures appears to have been physical entrapment, 
which is consistent with low temperature municipal wastewater treatment with an anaerobic 
filter (Elmitwalli ef a/., 2001). Suspended solids in the effluent could have been biomass 
solids, which sheared off starved granules in a decay state at the bottom of the reactor. This 
hypothesis is supported by the oxidation state of the effluent VSS, because the oxidation state 
of biomass VSS is similar. 
Wastewater suspended solids trapped in the top of the reactor can degrade quickly if the 
temperature increases. It was observed by Bogté gf a/. (1993) that solids entrapped in a 
UASB during cold weather conditions were subsequently degraded once the temperature was 
increased. Future evaluation of this phenomenon may be warranted prior to application of 
the SGBR for treatment of municipal wastewater. 
Pilot Scale Study 
The study showed that the performance of the pilot SGBR treating municipal wastewater was 
similar to lab scale systems. Wastewater temperature was recorded in the effluent of the 
reactor and the seasonal variation can be seen in Figure 5-5. The SGBR was operated at the 
highest HRT during the cold weather season, the limiting condition. Influent and effluent pH 
were recorded to ensure the reactor was operating in an optimal range (Figure 5-6). The pH 
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dropped from influent to effluent, but remained above 6.4, near the optimal range of 6.5 to 
8.2 suggested by Speece (1996). Effluent characteristics, however, were consistent and of 
good quality (Table 5-3). Average effluent CBOD5 remained near 50 mg/L at all HRTs, and 
COD was less than 100 mg/L. Two data points recorded during the 24 hour HRT revealed 
effluent CBOD5 equal to or higher than influent effluent CBODg. Influent CBOD; was near 
50 mg/L for those two data points, however, and the low substrate affinity of methanogens 
observed between 2 and 130 mg/L total acetate may have limited further reduction. 
HRT = 48 hours 36 hours 24 hours 
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Figure 5-5. Pilot scale effluent temperature during study 
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Figure 5-6. Influent pH + and effluent pH O during the pilot study 
Table 5-3. Pilot scale effluent characteristics 
HRT, hours CBODg, mg/L COD, mg/L TSS, mg/L VSS, mg/L 
24 
36 
48 
53.6 ± 1.9 
42.5 ± 13.1 
57.7 ± 13.8 
91.2 ±7.9 
79.8 ± 20.7 
78.2 ± 20.4 
14.8 ± 7.4 
20.2 ±31.9 
15.6 ± 5.4 
14.2 ± 7.7 
15.9 ±25.9 
10.2 ±8.1 
Effluent TSS concentrations were measured below 30 mg/L throughout most of the pilot 
study. Suspended solids were found to accumulate on top of the granule bed, but were 
removed during the weekly backwash. It was calculated during one week in mid April that 
3.7 kg suspended solids were removed from the wastewater by the reactor and 3.1 kg total 
solids were wasted. Rate limitations of hydrolysis at low temperatures have been noted to 
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cause accumulation of suspended solids in anaerobic reactors (Elmitwalli ef aZ, 2001). 
Elmitwalli ef a/. (2002) suggested that removal of suspended solids prior to treatment would 
improve performance, and demonstrated that concept with an anaerobic filter (AF) + 
anaerobic hybrid (AH) reactor. The SGBR successfully removed suspended solids within the 
reactor negating the need for external separation. 
The effects of both temperature and HRT were considered to account for confounding effects 
(Figure 5-7). It can be seen that CBODg removal consistently increased up to 18 °C. Data 
points above 20 °C reflect a low strength wastewater with a CBODg of 60 mg/L or less. No 
clear trend for performance efficiency as a function of HRT was observed. 
100 
80 
I 
g 60 
O 
O 
m 
o 
40 
20 
8 12 16 20 24 28 
Temperature, °C 
Figure 5-7. CBODg removal for the SGBR as a function of temperature 
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CoMC/fWfO» 
Treatment of municipal wastewater at low temperatures with the lab scale SGBR indicated 
that the reactor was capable of removing solids from wastewater and producing an effluent 
with a CBODg concentration less than 80 mg/L. Effluent TSS concentrations were generally 
less than 50 mg/L, but jumped to an average of 120 mg/L at an HRT of eight hours and a 
temperature of 15 °C. Solids retention time was highly variable, but more consistent at an 
operating temperature of 8 °C. The more consistent performance observed at 8 °C may be 
explained by the weaker wastewater treated during that operating condition. Use of the 
SGBR for treatment of municipal wastewater under the cold-weather conditions tested would 
be valid only as a pretreatment step. Further treatment of the wastewater would be required 
to meet permit requirements and for consistency. 
A pilot scale SGBR was used to treat municipal wastewater in order to translate positive lab 
scale results observed at room temperature to a larger, practical system. This study generated 
results consistent with previous SGBR studies. Effluent CBODg averaged very low 
concentrations near 50 mg/L. Internal suspended solids separation excelled giving average 
effluent TSS concentrations of 20 mg/L or lower for the three HRTs tested. Temperature 
was not controlled, and the effects of temperature and HRT were unclear since the 48 and 24 
hour HRT conditions were performed during only one season. Generally, performance 
increased with increasing temperature despite operations at lower HRTs during the warmer 
periods. 
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CHAPTER 6. FLOW HYDRAULICS OF THE STATIC GRANULAR 
BED REACTOR EXAMINED AND COMPARED TO THE UASB 
REACTOR 
Eric A. Evans and Timothy G. Ellis 
Department of Civil, Construction, and Environmental Engineering, 
Iowa State University, Ames, Iowa 50011 U.S.A. 
A tracer study was conducted in an innovative high rate anaerobic treatment technology, the 
static granular bed reactor (SGBR), to better understand its flow type. The flow within an 
identically sized upflow anaerobic sludge blanket (UASB) reactor was compared to the 
SGBR Both reactors exhibited residence time distributions characteristic of a well-mixed 
system as measured by the vessel dispersion number. The vessel dispersion numbers were 
1.19 and 0.89 for the SGBR and UASB reactor, respectively. Actual and theoretical 
hydraulic retention times (HRTs) for both reactors were similar indicating little clogging or 
dead volume. Short circuiting through the SGBR was a minor problem. The model that best 
explained the data for the SGBR was a system represented by a completely mixed tank with a 
small bypass flow. 
fM&Wwcdoa 
Understanding the flow pattern in a reactor leads to a better ability to predict performance of 
the reactor (Grady, 1999). The flow can be idealized as plug or completely mixed, or it may 
be a non-ideal combination. Levenspiel (1999) instructs on methods to determine the true 
HRT in the reactor and the flow type based on the residence time distribution function of a 
conservative tracer. A true HRT for a reactor can be compared to the ideal HRT to identify 
clogging (Haimand ef a/., 2002) and dead volume, which has ramifications for design of the 
reactor active volume. The axial dispersion model can be fit and a resulting dispersion 
number indicates the flow pattern, with a small value for the dispersion number indicating 
plug flow. Alternatively, the tanks in series model estimates the number of continuously 
stirred tank reactors (CSTRs) in series needed to idealize the reactor flow, with one tank 
indicating completely mixed flow and an infinite number of tanks indicating plug flow. 
To better understand whether the SGBR system flow is mixed or plug, a tracer study was 
performed. The study was performed to evaluate mixing in both an SGBR and a 
competitively sized UASB. The reactors were designed for use in a comparison study 
(Evans and Ellis, 2003). Upon completion of a full performance comparison between the 
two reactors, they were both adjusted to operate at the same ideal HRT and injected with a 
lithium tracer to evaluate flow. The lithium ion is a conservative tracer that can be monitored 
in the effluent of the reactor by atomic absorption spectrometry. A pulse of lithium chloride 
was added to the influent of both reactors and the effluent was monitored for the lithium 
cation. Residence time distribution functions were established based on the methods of 
Levenspiel (1999). Using the data, true HRTs were measured and reactor dispersion 
constants found. The tank in series model was also applied and an ideal number of CSTRs in 
series needed to simulate SGBR and UASB flow found. Alternative models were also 
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applied to obtain a better ût to the experimental data. The objective of this study was to 
determine the flow type of a moderately loaded SGBR and compare that to the UASB. 
Both the SGBR and UASB were constructed to have an empty-bed, active volume of 11.8 L. 
A gas, liquids, solids separator was incorporated into the UASB reactor with a volume of 
3.5 L (liquid volume of roughly 2.7 L). The bottom of the UASB reactor was a coned 
section that was filled with marbles to give appropriate dispersion of feed. It had an empty 
volume of 2.3 L and a porosity of 0.48. The SGBR was operated with regular backwashes to 
help control solids and mitigate clogging. An attached sedimentation chamber was 
incorporated into the SGBR, which was utilized during backwashes to control solids and 
liberate gas. The volume of the chamber was 3.5 L (0.8 L typical liquid volume). A conical 
underdrain system in the SGBR, filled with pea gravel, had an empty volume of 2.3 L and a 
porosity of 0.42. Reactors were fed a synthetic wastewater composed of half sucrose and 
half non-fat dry milk by chemical oxygen demand (COD) with a strength of 5 gCOD/L. The 
HRT was set to be 16 hours based on the empty-bed, active volume. 
Lithium was used as the conservative tracer for the study. The lithium source was a lithium 
carbonate stock solution with a concentration of 1 gLi^/L. A 118 mL pulse of the lithium 
carbonate stock solution was pumped into the reactor with the feed pumps. Lithium was 
previously shown not to have adverse affects on methanogenic activity at a concentration of 
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1 gLiVL (Anderson ef a/., 1991). Effluent samples, 50 mL, were taken at 1,2,4, 8,12,16, 
20,24,32,40,48, and 64 hours. 
Lithium concentrations were measured in the samples using atomic emission 
spectrophotometry based on Standard Methods (APHA ef o/., 1995). Samples were analyzed 
using the GBC 932Plus AA/AE Spectrophotometer. Acetylene was used as the fuel with air 
as the support. The burner was rotated roughly 15 to 30 degrees to allow for measurement of 
concentrations from 0.1 to 1.0 mgLiVL with standards of 2,4,6, 8 and 10 mgLi*7L. Samples 
found to exceed 1.0 mgLiVL were diluted ten times to give appropriate measurement. 
Samples were prepared according to the dissolved metal measurement method (APHA ef a/., 
1995). 
The data were plotted in terms of the dimensionless effluent concentration as a function of 
dimensionless time. Mean HRT was given discretely by 
f = Equation 1 
ZCAf, 
f =mean residence time, h 
f, = time point i, h 
C, = Concentration point L mg/L 
Af, = Change in time between points i and i-1, h 
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Hence, time was transformed as 
0 = 4- Equation 2 
0 = dimensionless time 
The effluent concentration was transformed as 
C Eg = :—*f Equation 3 
* ZC,Af, 
^ = dimensionless exit age distribution 
Levenspiel (1999) provides the solutions for finding a measure of axial dispersion or the 
number of tanks for the tanks in series model solution. Dispersion is characterized by the 
dimensionless, vessel dispersion number: 
D 
Z) = axial dispersion coefficient, m^/s 
// = mean vessel velocity, m/s 
1 = vessel length, m 
A small value for the vessel dispersion number indicates a more plug flow system, and a 
larger value represents a more mixed system. Alternatively, if the number of tanks, N, in 
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series is near one, the system is well-mixed. IfN goes to infinity, the system is plug flow. 
Once the theoretical N was found, the model was applied and compared to the data. 
A completely mixed system with bypass flow explained the data from the SGBR tracer 
experiment best (Figure 6-1). A completely mixed system is represented by the following: 
C = —s-exp 
V 
Equation 4 
=Flow through completely mixed tank 
v = Total flow through system 
V = Volume of completely mixed tank 
The fraction of the flow going through the completely mixed tank is: 
v 
Bypass flow is represented by a linear equation that intercepts the completely mixed flow 
curve. The area under the bypass flow curve represents the fraction of the bypass flow: 
y* = Flow bypassing the completely mixed tank 
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Completely 
Mixed Tank 
Flow 
Bypass Flow 
Figure 6-1. Completely mixed system with bypass flow 
iks awf DfscwMfOM 
Reactors achieved a minimum of 90% reduction in chemical oxygen demand (COD) at an 
approximate organic loading rate (OLR) of 7.5 gCOD/(L*d) for an HRT of 16 hours. Upon 
achieving the stable operating condition, reactors received a 118 mL pulse injection of 
1.0 mgLiVL, which would give a diluted concentration of 10 mgLi^/L if completely mixed 
into the empty-bed, active volume. No affects on performance were observed due to lithium 
injection. The SGBR encountered reduced throughput, perhaps due to minor clogging, as 
evidenced by difficulties in sampling. Typically, five to seven minutes were required to 
acquire the 50 mL samples. Once, however, 26 minutes were required, and on another 
occasion 24 minutes were required. Throughput was self-corrected on both occasions by 
normal operations. 
The measured HRTs were found to be 20.9 and 21.2 hours for the SGBR and UASB, 
respectively. This exceeded the intended 16 h HRT based on the empty-bed, active volume. 
The disparity may be explained by the additional liquid volume not considered as part of the 
active volume. In order to account for the measured HRT versus the applied flow rate, the 
actual liquid volume in the SGBR would have to be 15.4 L. The empty-bed, active volume 
added to the sedimentation chambers average volume and the underdrain void volume yields 
a total volume of 13.6 L. After the experiment, it was discovered that the lid for the SGBR 
was cracked and the pressure from the system reduced to atmospheric. A review of the data 
showed a reduction in the gas production rate during the 16 h HRT transitional period. The 
data imply the vessel was cracked 11 days prior to tracer injection. This resulted in an 
additional 5 inches of hquid volume (389 mL per inch) that was not displaced by the pressure 
head. As a result, the true total hquid volume for the SGBR was approximated to be 15.5 L, 
which matched well with the experimental results. This indicated that the dead volume and 
clogging in the SGBR was very small. The UASB hquid volume would have to be 15.6 L to 
account for the disparity. Adding the GLSS and conical dispersion hquid volumes yielded a 
total hquid volume of 15.6 L. 
The resulting vessel dispersion numbers and number of tanks in series for the reactors were 
tabulated with a measure of the fit to the model, R^ (Table 6-1). Experimental results were 
plotted for the tracer study with the modeled curves (Figure 6-2). The SGBR was shown to 
have extensive mixing during the study. Mixing in the SGBR resulted from gas production 
and backwashes. Backwashes were performed to free gas entrapped in the reactor. During a 
backwash, flow in the reactor is reversed from the bottom to the top of the reactor. Reactor 
hquid overflows into the sedimentation chamber and then is pumped back through the 
bottom of the reactor. Backwash cycles lasted only 25 seconds, but may have been 
responsible for increased mixing intensity and some short-circuiting. Only 24% of the 
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variability was explained by the model, because data points two and three appear not to fit 
the model well. Those data points distort the statistical analysis. The outlying data points are 
responsible for 72% of the unexplained variability. It seemed that the reactor experienced 
short-circuiting at the beginning of the experiment as previously encountered during other 
tracer studies (Harmand ef a/., 2002). The tracer was poorly mixed into the reactor and 
spikes were encountered in the effluent shortly after injection, which is indicative of short-
circuiting (Levenspiel, 1999). 
The mixed with bypass model was applied to the SGBR. For this model, a small bypass flow 
(Figure 6-1) was assumed and the size of the bypass was determined by fitting the model to 
the data. The best fit for the data to the SGBR bypass model indicates that slightly more than 
4% of the flow was bypassed or short-circuited during the tracer study. The SGBR bypass 
model had a correlation of 0.98 to the data; excluding the first data point. 
A vessel dispersion number of 0.89 and corresponding 1.4 tanks in series was found for the 
UASB when it was fit to the ideal reactor models, which was comparable to the SGBR. The 
model explained 85% of the variability in the data for the UASB, but data points two, three 
and four St poorly to the tank in series model for the UASB. The data show that UASB flow 
was well-mixed. Applying a completely mixed model provided a better fit to data points 
two, three and four with a correlation of 0.99; excluding the first data point. 
Similar hydraulic profiles for the SGBR and UASB reactor show the importance of the effect 
of gas production on mixing in the reactors. Gas production was slightly higher in the SGBR 
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than in the UASB reactor, which may partially explain the larger reactor dispersion number 
found from the dispersion model for the SGBR. Additionally, axial velocity in the UASB 
was fixed at 1 m/h, but was much lower for the SGBR since flow was not recirculated. The 
lower velocity can be seen to directly effect the reactor dispersion number since it is in the 
denominator of the relationship. 
The SGBR and UASB reactor in this study had flow patterns comparable to other high rate 
anaerobic reactors. Harmand ef a/. (2002) used a tracer study to evaluate clogging in an 
anaerobic fixed bed reactor. Hydraulic residence time and effective volume decreased during 
the study, presumably due to biomass growth displacing hquid volume. Large tracer 
concentrations in the effluent at the beginning of a residence time distribution curve were 
said to be caused by short-circuiting, which was exacerbated by clogging. 
Table 6-1. Vessel dispersion number and tanks in series values with measure of fit 
D 
ml 
N R^ 
SGBR 1.19 1.3 0.26 
UASB 0.89 1.4 0.85 
Table 6-2. Completely mixed tank and bypass flow 
V V 
R% 
SGBR 0.96 0.04 0.98* 
UASB 
AT, , , ' ^ j , . . 
1.0 0 0.99* 
Excludes first data point. 
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SGBR Data 
SGBR Tank in Series Fit 
UASB Data 
UASB Tank In Series Fit 
SGBR Mixed w/ Bypass 
UASB Completely Mixed 
1 2 
8, dimensionless time 
Figure 6-2. Effluent tracer concentration versus time for the tracer study (dimensionless) 
Upflow, static-media anaerobic reactors (USMARs) were found to be well-mixed from 
lithium tracer studies (Chiang and Dague, 1992). It was demonstrated that gas mixing 
intensity contributed to the flow profile, and gas mixing increased with increasing height to 
width ratios. Height to width ratios studied were 1:2,4:1, and 14:3. The UASB reactor and 
SGBR had a height to width ratio of roughly 7:1, which was slightly higher than studied in 
Chiang and Dague's USMAR study (1992). Laboratory and pilot-scale UASB reactors were 
shown to be moderately to well-mixed (Morgan-Sagastume ef a/., 1997) depending on 
location of the GLSS and arrangement of the distribution system. The lab scale reactor had 
vessel dispersion numbers from 0.18 to 6.07, and the pilot reactor generated vessel dispersion 
78 
numbers from 0.15 to 1.16. The vessel dispersion number of 0.89 for the UASB from this 
study matched Morgan-Sagastume ef a/, 'a (1997) study well. 
CfWZCfWMOM 
A tracer study was completed to evaluate mixing characteristics and to improve performance 
prediction for the SGBR. A tracer study was also performed in a similarly sized UASB 
reactor and the results compared to the SGBR tracer analysis. Data indicated both reactors to 
be non-ideal with extensive mixing. The SGBR was found to have short-circuiting, possibly 
due to backwashing and channeling. Less frequent backwashes and more complete mixing 
during backwashes would help to eliminate short-circuiting. Alternatively, the use of 
effluent for backwashes would complete eliminate short-circuiting. Dead volume was 
minimal in both reactors. 
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CHAPTER 7. CONCLUSION 
A number of experiments were performed to test the SGBR and demonstrate it to be a 
practical, alternative high-rate anaerobic treatment system. Exceptionally long SRTs resulted 
in starved systems that scavenged organics giving COD removals of 90% and above. The 
SGBR has been tested for market competitiveness in a comparison with the well established 
UASB reactor, for its ability to treat municipal wastewater, and to determine its hydraulic 
profile. 
Initial comparison between the SGBR and UASB reactor, in a side by side study, showed 
similar performance between the two reactors with slightly better solids removal for the 
SGBR. Further comparison, in an experimentally designed study, found statistically 
significant differences between performance of the SGBR and UASB reactors. The SGBR 
outperformed the UASB reactor in terms of COD, sCOD, and TSS removal. Solids retention 
time was roughly three times higher for the SGBR than the UASB reactor, and therefore, 
specific removal was as much as three times higher for the UASB reactor than for the SGBR 
The lower specific removal in the SGBR reactor indicates that it is not near the maximum 
capacity of the microorganisms to treat wastewater. The reactor, therefore, can treat 
wastewaters at higher loading rates and under a variety of conditions with quicker transitions. 
The SGBR has a granule reserve, because many of the granules are in a starved state. 
Additionally, an upset to the reactor, which might cause death or decay to some granules, 
would result in a shift in activity to the reserve granules. 
During the comparison study, the SGBR consistently experienced problems with clogging. 
The granules were observed to be producing large volumes of gas, which subsequently 
formed pockets within the reactor. The pockets of gas reduced the volume through which 
water could flow. Effluent flow rates dropped below feed rates, and wastewater accumulated 
in the reactor. When wastewater flow through the reactor decreased, gas production 
decreased and gas trapped in the system did not build up to a point that allowed for it to 
develop adequate buoyancy to overcome the pressures needed to rise to the gas collection 
system. To correct the problem, the gas needed to be freed from within the reactor. A 
temporary flow reversal consistently liberated the gas and corrected the clogging problem. 
Another problem encountered during long term operation of the SGBR with a 5 gCOD/L 
synthetic wastewater was the build-up of sohds within the system from biomass yield. 
Typically, flocculant sohds would accumulate on top of the granules in the reactor. Removal 
of the flocculant solids was helpful to reduce clogging. The total solids mass in the system 
remained stable with routine removal of flocculant sohds. Flocculant sohds were removed 
from the SGBR by reversing the flow temporarily to wash the sohds out through an 
overflow. 
A settling chamber was useful to facilitate maintenance of the SGBR in terms of the 
liberation of entrapped gas and routine solids wasting. An overflow was connected from the 
SGBR to the top of the settling chamber. Clarified water was then drawn from the settling 
chamber to backwash the SGBR. During the backwash, water and solids overflowed back 
into the settling chamber and gas was liberated into the gas collection system. Flocculant 
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solids were regularly removed from the settling chamber in the same manner that waste 
activated sohds are removed from an activated sludge system. The settling chamber was 
capped and gas from the headspace was routed into the gas collection system. 
Treatment of municipal wastewater at ambient temperature (25 ± 2°C) was demonstrated to 
be feasible for the SGBR in a room temperature study. Sohds removal through entrapment 
and subsequent hydrolysis was the most beneficial effect of treating municipal wastewater 
with the SGBR. Unfortunately, treatment of municipal wastewater in simulated cold weather 
conditions proved problematic. The apparent rate of hydrolysis slowed and sohds that were 
entrapped subsequently accumulated in the reactor and had to be wasted. Results for 
municipal wastewater treatment with the lab scale SGBR translated well to a scaled up pilot 
study as indicated by performance results. The pilot scale SGBR produced effluent with a 
CBOD5 concentration near 50 mg/L during cold weather conditions and near 30 mg/L when 
temperatures approached 25°C. 
Hydraulic characteristics of the SGBR were assessed in a tracer study of the system. Both 
the axial dispersion and tank in series models were applied to find the extent of mixing in the 
SGBR. Mixing in a similarly sized UASB reactor was also assessed for comparison sake. 
The SGBR and UASB reactors were both found to be idealized well as completely mixed 
systems. 
83 
Space, capital costs, and operating and maintenance expenses are all at a premium in 
engineered wastewater treatment systems. High rate anaerobic systems provide the benefit 
of a reactor capable of treating medium to high strength wastewaters with lower sludge 
production rates and energy recovery. The SGBR is a unique high rate anaerobic system that 
retains large volumes of biomass in the form of anaerobic granules in a simple downflow 
configuration. With the SGBR, a high SRT can be achieved with a small system thus giving 
a high degree of COD removal. Consequently, space is conserved since the system is smaller 
than other types of anaerobic reactors. It has been observed that SRTs in the SGBR are at 
worst 3 times higher than other anaerobic reactors, and that operating at an HRT as low as 5 
h does not have adverse affects on performance. For the same application, an SGBR could 
be sized with 1/3 the volume of other anaerobic reactors. Capital costs are saved, because a 
smaller system requires fewer materials. The SGBR also saves tremendous costs, because a 
GLSS or energy dissipater is not needed. A small settling chamber is useful for the SGBR, 
however, in applications with higher organic loading rate to remove sohds and liberate 
entrapped gas. Some of the costs saved by the smaller reactor size and empty headspace 
would be offset by the settling chamber. 
An alternative configuration is possible with the SGBR that is not amenable to the UASB. 
The SGBR could be set up as a series of short reactors, 1 to 3 m tall, inside of a building, 
because it does not have a minimum height requirement, like the UASB, to allow for solids 
settling. Insulation and heating costs would be reduced if the SGBR can be installed within 
existing building space. 
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Treatment of municipal wastewater is a novel application for the SGBR. Municipal 
wastewater treatment with an anaerobic system is highly desirable for the aforementioned 
reasons given as benefits of anaerobic systems. Wastewater treatment systems could be 
simplified considerably and municipal costs reduced with the development of a municipal 
SGBR The SGBR would be suitable for secondary treatment or as a roughing step to reduce 
wastewater strength. Facilities reaching their organic loading limits could be retrofitted with 
an SGBR(s), which would reduce wastewater strength and subsequently loading. 
The UASB reactor has found a niche treating municipal wastewater in third world countries 
where more expensive treatment alternatives are not feasible, and at vacation resorts where 
seasonal treatment is more easily accomplished with systems that can be shut down and 
restarted with little effort. The SGBR is suitable for these applications as well, but could be 
designed in a more compact space making it cheaper and easier to maintain. Vacation resorts 
could be more discrete about wastewater treatment facilities with the SGBR, because of its 
smaller size. 
The ultimate goal of SGBR development is full scale application of the technology. Further 
study would improve the ability to apply the SGBR at full scale. Optimization of the 
backwash cycle would reduce maintenance and energy exertions. Assessment of sohds 
hydrolysis rates would help to predict solids accumulation and hence the required frequency 
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of solids wasting. Once the degree of mixing in the reactor is known, performance can be 
modeled. A study could be undertaken to develop a performance model for the SGBR 
leading to reliable and accurate sizing in design. 
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Table Al. SGBR and UASB comparison data 
HRT, h Reactor COD Removal, % sCOD Removal, % Effluent TSS, mg/L 
8 UASB 73.8 87.4 355.8 
8 UASB 64.3 73.8 320.7 
8 UASB 86.2 93.5 281.5 
ô UASB 85.8 95.9 320.9 
16 UASB 91.3 98.2 443.11 
16 UASB 93.2 96.8 213.85 
16 UASB 89.4 96.1 240.4 
16 UASB 88.5 96 317.4 
24 UASB 94.5 97.6 126.5 
24 UASB 92.7 97.2 149.8 
24 UASB 87.2 95.1 321.5 
24 UASB 91.4 96.8 243.7 
8 SGBR 84.8 95.2 412.9 
8 SGBR 92.2 95.9 329.3 
8 SGBR 88.9 97.9 308.9 
8 SGBR 97 98.1 277.8 
16 SGBR 87.9 96.8 211.9 
16 SGBR 93.8 97.7 130.7 
16 SGBR 95.7 96.3 118.5 
16 SGBR 97.5 98.8 98.5 
24 SGBR 94.1 97.3 154 
24 SGBR 93.3 97.9 204.3 
24 SGBR 95.1 98 123 
24 SGBR 96.4 97.8 103.6 
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Table A2. Organic acids concentrations of SGBR studies 
Formic Acetic Propionic Butyric 
Date Sample Acid Acid Acid Acid COD Equiv 
19-May-04 FEED 29.62 66.11 97.70 930.40 1921.74 
19-May-04 UASB 6.72 1.24 4.22 
19-May-04 SGBR 
Pilot 
12.91 0.93 5.51 
19-May-04 SGBR 
Pilot 
2.66 1.92 2.98 
19-May-04 Pretreat 1.49 1.44 2.06 
14-Apr-04 FEED 7.50 619.86 256.14 1077.53 3011.68 
14-Apr-04 UASB 6.19 0.00 0.00 0.00 2.17 
14-Apr-04 SGBR 8.47 0.00 0.00 0.00 2.96 
25-Mar-04 FEED 50.12 54.98 459.01 1159.18 2879.00 
25-Mar-04 UASB 8.06 16.39 14.13 0.00 41.64 
25-Mar-04 SGBR 8.55 4.27 0.00 0.00 7.55 
25-Mar-04 PreTreat 13.82 19.92 5.79 0.00 34.83 
25-Mar-04 SGBRM 0.00 0.00 0.00 0.00 0.00 
7-Feb-04 FEED 59.20 397.22 741.21 1063.82 3499.80 
7-Feb-04 UASB 5.09 260.20 344.70 213.24 1187.92 
7-Feb-04 SGBR 31.10 0.00 0.00 0.00 10.89 
7-Feb-04 PreTreat 33.54 0.00 0.00 0.00 11.74 
7-Feb-04 SGBRM 3.69 6.45 0.00 0.00 8.17 
25-Jan-04 FEED 0.00 179.51 946.77 705.58 2905.25 
25-Jan-04 UASB 0.00 69.77 290.49 70.92 642.14 
Table A3. SGBR raw tracer study data 
Sample Start End Average Time, hours 6 Li, ppm 
S1 11:38:00 11:45:22 11:41:41 0.21 0.01 0.06 
S2 12:30:30 12:35:55 12:33:12 1.01 0.05 15.10 
S3 13:30:00 13:35:55 13:32:58 2.06 0.10 11.60 
S4 15:30:00 15:56:35 15:43:18 4.23 0.20 4.89 
S5 19:30:00 19:36:00 19:33:00 8.61 0.41 4.92 
S6 23:30:00 23:36:00 23:33:00 12.61 0.60 3.99 
S7 3:22:00 3:28:00 3:25:00 15.93 0.76 3.41 
SB 7:30:00 7:36:00 7:33:00 20.61 0.99 2.87 
S9 11:30:00 11:36:00 11:33:00 24.61 1.18 2.49 
S10 19:30:00 19:36:00 19:33:00 32.61 1.56 1.86 
S11 11:30:00 11:54:00 11:42:00 48.21 2.31 1.12 
S12 3:23:30 3:29:30 3:26:30 63.95 3.06 0.61 
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Table A4. UASB raw tracer study data 
Sample Start End Average Time, hours 9 LI, ppm 
U1 11:38:00 11:45:22 11:41:41 0.16 0.01 2.46 
U2 12:30:30 12:35:55 12:33:12 1.02 0.05 8.38 
U3 13:30:00 13:35:50 13:32:55 2.01 0.09 7.79 
U4 15:30:00 15:36:00 15:33:00 4.02 0.19 6.66 
US 19:30:00 19:36:00 19:33:00 8.02 0.38 5.37 
U6 23:30:00 23:36:00 23:33:00 12.02 0.57 4.40 
U7 3:22:00 3:28:00 3:25:00 15.88 0.75 3.68 
U8 7:30:00 7:36:00 7:33:00 20.02 0.94 3.05 
U9 11:30:00 11:36:00 11:33:00 24.02 1.13 2.64 
U10 19:30:00 19:36:00 19:33:00 32.02 1.51 1.94 
U11 11:30:00 11:36:00 11:33:00 48.02 2.26 1.07 
U12 3:23:30 3:29:30 3:26:30 63.91 3.01 0.61 
Table A5. Speciûc methanogenic activity of City Brew granules 
Rate of Production SMA 
Sample id %CH4/d mLCH4/d gCH4COD/gVSS/day 
Bottle 1 15.576 20.178708 0.687014259 
Bottle 2 19.149 24.0051864 0.760061881 
Bottle 3 19.347 23.6787933 0.770553255 
Bottle 4 23.056 27.5496144 0.856503749 
Average = 0.77 
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Table A6. Speciûc methanogenic activity of WISpak granules 
Bottle 2 
Time ml_ CH4 Cum CH4, ml_ 
0.00 0.00 0.00 max rate= 0.04 mLCH4/min 
61.83 2.38 2.38 max specific rate= 0.28 ml_CH4/gVSS/mi 
86.55 1.24 3.62 max specific rate= 1.03 cOŒ^/day 
120.00 0.60 4.22 
153.08 1.58 5.80 
189.47 0.38 6.18 
224.03 0.25 6.43 
Bottle 3 
Time mL CH4 Cum CH4, mL 
0.00 0.00 0.00 max rate= 0.06 mLCH4/min 
61.83 2.99 2.99 max specific rate= 0.26 mLCH4/gVSS/mi 
86.55 1.31 4.30 max specific rate= 0.93 cOCV^SS/day 
120.00 2.52 6.82 
153.08 1.91 8.72 
189.47 0.99 9.71 
224.03 0.41 10.12 
Bottle 3 
Time mL CH4 Cum CH4, mL 
0.00 0.00 0.00 max rate= 0.0465 mLCH4/min 
61.83 2.40 2.40 max specific rate= 0.24 mLCH4/gVSS/mi 
86.55 2.41 4.81 max specific rate= 0.86 cOCV^VSS/day 
120.00 0.59 5.40 
153.08 1.61 7.02 
189.47 1.59 8.60 
224.03 0.00 8.60 
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